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Measurements of B-mode polarization of the cosmic microwave background
from 500 square degrees of SPTpoldata
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We reporta B-mode power spectrum measuremdirdm the cosmic microwave background (CMB)
polarization anisotropy observations made using the SPTpol instrument on the South Pole Telescope. This
work uses 500 degf SPTpol data, a five-fold increase over the last SPTpol B-mode release. As a resullt,
the bandpower uncertainties have been reduced by more than a factor of two, and the measurement extends
to lower multipoles: 52 < | < 2301. Data from both 95 and 150 GHz are used, allowing for three cross-
spectra: 95 GHz x 95 GHz, 95 GHz x 150 GHz, and 150 GHz % 150 GHz. B-mode power is detected
at very high significance; we find P8BB < 0b % 5.8 XY (corresponding to a 18.1a detection of power.

With a prior on the galactic dust from Planck, WMAP and BICEP2/Keck observations, the SPTpol B-mode
data can be used to set an upper limit on the tensor-to-scalarratio, r < 0.44 at 95% confidence

(the expected 10 constraindn r given the measurementincertainties is 0.22)We find the measured

B-mode power is consistenivith the Planck best-fit ACDM model predictions.Scaling the predicted

lensing B-mode power in this model by a factqg,A the data prefer 4, ¥4 1.17 0.13. These data are
currently the most precise measurements of B-mode powépra20.

DOI: 10.1103/PhysRevD.101.122003

I. INTRODUCTION et al. [3], adding information to the temperature spectrum
[3,4] both by approximately doubling the number of
modes thatcan be measured on the sky and extending
¥he measurementto smaller angular scalesdue to the
comparatively lower foreground levels in polarization.

In addition to E-modes there are also odd-paritygurl-
like polarization pattern componentsgcalled “B-modes.”
An early prediction of inflation was that there would be a
stochastic background ofgravitational waves on super-
infancy. horizon scales [5]. Such gravitational waves would imprint

The CMB is polarized at approximately the 10% level, @ B-mode signature on CMB polarization peaking at
due to Thomson scattering off free electrons illuminated | < 100. The search for the inflationary gravitational wave
by local radiation quadrupolesAt | > 10, polarization is ~ Signal in the polarization of the CMB is a matter of intense
sourced by quadrupole moments that start growing in the currentinterest,as an unambiguous detection would rule
primordial plasma and affect the local environmentof ~ out some alternatives to the inflationary paradigm and yield
the photons and electrons as they begin decoupling information on whatcaused inflation by constraining the
during recombination. Being driven by scalar (density) shape of the inflaton potential. The best current limit on the
perturbationsthe resulting full-sky polarization field has  inflationary gravitational wave, parametrized as the tensor-
even parity analogousto electric fields, following a  to-scalar ratior, is r < 0.06 at 95% CL [6], and comes from
gradient-like polarization pattern commonly referred to asa combination of data from BICEP2/Keck, Planck, WMAP,
“E-modes.” E-mode polarization of the CMB has been  and other experiments.
measured with high precision b.g., Henning et al. [[1] Finally, observers today see a distorted version of the
hereafter H18],Louis et al. [2] and Planck Collaboration primordial map of the CMB radiation at recombination due

Measurements of cosmic microwave background
(CMB) anisotropy are a cornerstone of modern cosmolog
After recombination at z ~ 1100, the overwhelming
majority of CMB photons have freely streamed to
observers today. The anisotropy we see primarily
arises from fluctuations in the density of the primordial
universe during recombination. Thus, measurementsf
these photons offerus a snapshotof the universe in its
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to the gravitational lensing of CMB photons by large-scalecommon feedhorn form optical pixels, with each bolometer
structure. The small deflections introduced by gravitationatoupled to orthogonal linear polarizations. Full information
lensing do not preservethe even-parity of the initial ~ on the detectors can be found in Henning ei. [21] and
E-mode map, and transform a portion of the E-mode  Sayre etal. [22].
power into so-called “lensing B-modes.” The amplitude This work uses SPTpol observations of a 500-deégjd
of the lensing B-mode spectrum depends on the integratesbanning —50 to —65 degrees in declination and 22h to 2h
gravitational potential, ¢, along the line of sight [7],  in right ascension. The 150 GHz data was previously used
making it a useful probe of the growth of structure.In  in the E-mode power spectrum measurement by Henning
particular,the CMB lensing signal can help constrain the et al. [1], and we refer the reader to that work for a detailed
sum of the neutrino masses, as larger rest masses increagéscription of the observing strategfriefly, we observe
the expansion rate and thereby suppress growth [8,9].  the field with a series of back-and-forth rastescans at
The first measurementf lensing B-modes came from  constantdeclination, following each raster scan by an
cross-correlating the observed B-modesto a template  approximately 9 arcminute declination step untthe full
constructed from CMB E-modes and a CIB-derived ¢  declination range has been covere8tarting declinations
map, as described in Hanson et al. [10]. Since then, direchre staggered or “dithered” between observations to smooth
measurements of the CMB B-mode power spectrum haveput the coverage pattern of the fieldzrom April 2013 to
been made by BICEP2/Keck [6,11], SPTpol [12] (hereaftayiay 2014, we observed the field using a “lead-trail” scan
K15), POLARBEAR [13,14] and ACTpol [2,15]. strategy which split the field in half in right ascension.
The lensing B-mode signal, while cosmologically inter- From May 2014 onwards we moved to a full field scan
esting in its own right, is also a contaminating foreground strategy. With a full field scan, we could increase the scan
in any search for inflationary gravitational waves. speed (and shift sky signals of interest to higher frequen-
Improved measurements of the lensing signal also facilitages) at the cost of losing the ability to difference the two
“delensing” analyses [16], whereby the lensing portion of half-maps to remove any ground contamination. Note that
the B-mode signature can be subtracted offleaving as e find no indication of significant ground contamination
the residualany potentialinflationary gravitationalwave  gng simply combine the lead and trail maps into complete

B-mode signature [e.g.17,18]. field observations.
In this work, we present an improved measurement

of the B-mode power spectrum in the multipole range
52 <1 < 2301 from the SPTpol 500 ded survey.While Ill. DATA REDUCTION

the analysis follows the methodsin K15 closely, we The data reduction pipeline used for this work is based
use five times more sky area in this work r%j‘sﬂﬁ%ng on the one used by previous SPTpol power spectrum
bandpower uncertainties by approximately = 5), and measurementgK15, Crites et al. [23], hereafterC15,
extend the measuremertb lower multipoles in orderto ~ H18). In the following section, we will presenta brief
constrain the inflationary gravitational wave power as welloverview of the components of the data reduction pipeline,

as measuring lensing B-modes. highlighting differences from the procedures used in the

We describe the SPTpol instrument and survey in Sec.\Works mentioned earlier. _
We discussthe reduction of the time-ordered datain We construct maps using the same procedure as outlined
Sec. Ill, the map-making in Sec. IV, and the power in C15, K15, and H18. For this work our maps are in the

spectrum estimatorin Sec. V. We test the data for Lambert azimuthal equal-area projection with 1.5 arcminute
systematic biases in Sec. VI and then present the resultingixels. Briefly, the reduced, weighted detector time-
bandpowers in SecVIl. We discuss the implications for ordered-data are bandpass filtered, combined with pointing

cosmology in SecVIIl, and conclude in SeclX. information, and binned into the appropriate on-sky map
pixel. Binned maps are then cleaned with a second set of
II. THE SPTPOL INSTRUMENT AND SURVEY cleaning routines before being Fouriertransformed and

the frequency-domain maps decomposed into the E- and

The South Pole Telescope (SPT) is a 10-meter diameteg, 1), je nasis The resulting frequency-domain maps are
off-axis Gregorian telescope located at the Amundsen-Sc . gtred y P

South Pole Station [19,20] that was designed to make hig
precision maps of the CMB with arcminute-scale resolu- o )
tion. The SPTpolinstrumentreplaced the earlier SPT-SZ A. Calibration of time-ordered data

instrument and was used for observations on the SPT from The first step is to cleangcalibrate and characterize the
early 2012 to the end of 2016 (this work uses data througtime-ordered data (TOD).The detectorTOD have some
2015). SPTpol consists of 1536 polarization-sensitive responseto signals seen by near-by detectors due to
transition edge sensor (TES) bolometers cooled to  electrical “cross-talk.” Unlike K15 which dealt with
250 mK; 1176 with bands centered at50 GHz and 360 cross-talk atthe map level,we begin by removing cross-
at 95 GHz. Pairs of these bolometers thatire fed by a  talk between detectors from each detector’s time-ordered

ﬁ”‘med into pseudopower spectra.
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data. This process is described in H18and is based on

expected to be dominated by atmospheric signals in our

building up a decorrelation matrix from individual detectordata, from individual detector time ordered data. We use as

observations of the Galactian region RCW38.

our filtering basis functions Legendre polynomialsip to

Next, we calibrate the individual detector TOD to CMB order 5 for lead-trail observations and order 9 for full-field

brightness temperature in a two-step processThe first

observations, the same values as in H18. Each raster scan

step calibrates single detectors using a combination of theacross the field is filtered over the same range in RA, and

response to an internal chopped calibration source and

the modes removed correspond to spatial modes on the sky

observations of RCW38. This process was first describedat a multipole of less than approximately | of 50.

in Schaffer etal. [24] and used in previous SPT results.
We add a second step because we find thatcalibrated,
pixel-differenced timestreams contain excess residual
power at low data frequencies, corresponding to large
angular scales on the skyThis excess is believed to be
due to atmospheric fluctuationsTo reduce this residual
power,we calculate a smallcorrection to each detector’s

RCW238-derived calibration by finding the scaling factors

between detectorsin a pixel pair that minimize the

low-frequency noise in their differenced timestreams.
For each scan across the fieldwe calculate the factors
Cyy that minimize the pair-differenced noise between
0.1 and 0.3 Hz" for every pixel. To conserve the mean
calibration acrossthe pair, we impose the requirement
that c,pc, % 2 (as c,, Y1 representsthe initial

RCW38 calibration).We then take the average,g value

for each detector across all scans, considering only valuesj, o

where 0.5 < ¢, <1.5.

C. Data cuts

We flag and remove low-quality or pathological data at
both the time-ordered data and map level§.or instance,
these flags remove data from periods when a detector is not
properly biasedpr when observing conditions drastically
reduce sensitivity to sky signalsThese cuts are summa-
rized below.

1. Time ordered data cuts

Before binning into mapswe remove data from detec-
tors with corrupted performance as determined by a series
of cuts that are very similar to those described in C15 and
K15. There are 96 (249) detectors oubf a total of 360
(1176) for the 95 GHz (150 GHz) arrays that fail cuts on
each of our 4122 observationsFor the set of remaining
detectors, we cut those with anomalous performance
according to a series of metrics measured from TOD. The

It is also crucialto determine the polarization angle of ' metrics are listed below in the order they are applied to each
each detector. We use the same measured response an ervationso a cut detector is counted only by the first

and polarization efficiencies derived for the 100d data in ggt it fails. The average percentage of detectors at 95 GHz
C15 based on measurements of a polarized source 3 km (150 GHz) removed are noted after each cut.

away from the telescope. A series of systematic tests, (1) Timestream errors, like a failure to properly bias the

described in both K15 and C15, yield an uncertainty on our
per-detectorangles of 1°, along with a 0.5° statistical
uncertainty from the fits. A correlated error in the detector
angles will mix power between E and B modes,and is
handled by looking at the EB spectrum. The mean 2
polarization efficiency is 97% with a statistical uncertainty
of 0.7%.

Finally, we calculate the weightthat the time-ordered

data from each detector in an observation should be given (3)

when making maps. These weightsare based on each
detector’s PSD between 1-3 BiVe difference left-going
and right-going scans before calculating this PSD to null

any true sky signal, and average the PSD across all pairs of(4)

scans in the observation.

B. Time ordered data filtering

To reduce the contribution of atmospheric 1=f noise to
coadded maps, we filter long-wavelength modes, which are

"This frequency range corresponds approximately to | 7 33 to
200.

*The 1-3 Hz frequency range corresponds roughly to |
%2300; 900 for a full field observation and | € ¥2700; 2100 for a
lead-trailobservation.

122003-4

(6)

detector TES into its transitionreadout electronics
failure affecting the detector channel, and unphysical
calibration of the detectortime ordered data into
KCMB UnitS; 7.6 (58)

Anomalously low or unphysically high response to
either the chopped internatalibration source or a
dip in telescope elevation (which modulates atmos-
pheric loading); 2.1 (0.28).

TOD weights, thresholds are empirically sdbased
on distributions of weight values for all observa-
tions, which include variability of sky and telescope
conditions,to remove unphysical values; 4.3 (3.1).
Low-frequency noise,measured between 0.0 and
0.4 Hz in individual detectorTOD, calibrated in
Kcume units. Detectors more than 4g away from the
mean for all detectors in a given observation are
removed;3.2 (1.6).

Broadband noisemeasured from the mean power
spectral density of all scansfor each detector,
integrated between 0.4 Hz and 3 Hz, with detectors
more than 5g away from the central value being cut;
0.6 (0.8).

Full pixel, which removes every bolometer
whose pixelpartner was cut.This cut ensures that
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polarization maps are notorrupted by an uneven resulting two-dimensionamap is then convolved with a
sampling of the Q and U maps; 3.6 (1.7). two-dimensional Gaussian with widths that are determined
In addition to the above cuts of a detector’s data for a fiitom fits to a series of bright point sources in the CMB

observation,we flag individual raster scanswhere a  field, measured with nominalpointing information. This
detector experiences a “glitch,” defined as an anomalous second step accounts for the “jitter” associated with our
difference (>50) between two subsequentlata samples. nominal pointing model. Thus the convolved Venus map
The distribution of sample-to-sample differences is calcu-includes the effects of the true instrumental angular
lated for the entire focal plane for each scan,and any  response and the variations in pointing overthe course
detector with a difference more than five standard devia- of our observations.

tions away from the mean has its data for that specific The small size of the Venus maps and the use of
scan cut. polynomial filtering of the time-ordered-data mean that

the measured beam only has high-fidelity information

2. Cuts on low-frequency map noise above | = 500. However,as described in H18, we find

While we weight the data from individual detectors that the Venus bea_m profile .aﬂarge al‘]gular s.cales is in
according to their noise PSDs (see Sec. IIl A), this will no@°°d agreement with an estimate derived using a separate
necessarily account for observations with unusual levels Gfethod of cross-spectral analysis between Planck maps and
correlated noise between detectorsfor instance due to ~ OF POl maps. As a result, we use the Venus profiles over

atmospheric fluctuationsWe therefore also implemena  the full range of multipoles in this analysis\We take the

cut based on the low-frequency noise in each observation’@riance among our 8 (13) clean Venus maps & GHz

map. We calculate the angularpower spectrum of each (150 GHz) as our beam errors, with the variance among the

map’s Stokes T, Q, and U components, constructing a 8 cross-maps that include our 95 GHz maps as the error on
metric, =, defined ’by: ’ our 95 GHz x 150 GHz beam. We marginalize over seven

beam parameters in the fits, representing the seven largest

coi 1 X cui eigenvectors of the beam covariance matri&le find our
<300 oo results are robust to doubling the assumed beam uncertainty
i in Section VIII B.
Zo o0 o1p
mediandsg, P IV. MAP PROCESSING
where C*' is the angular power spectrum ofmap i and We apply further processing atthe map level before

a % 6TT; QQ; or UUBWe cut any map where the low-  calculating the power spectrum. In particular, we filter out

frequency polarization noise is ten times higher than the the monopole temperature leakage and signals fixed in RA.

median noise, i.e., if either & or = is greater than 10. For computationaland coverage reasonsye also bundle
After removing maps with anomalously high low-fre- together many observations of the field into a bundle map.

quency noise, we are left with 3628 good individual half- V€ apodize these maps and mask bright radio sources. We

full field observationsfrom a total of 4341 performed then convertthe Q=U maps to E=B modes using the ¥

between March 2013 and November 201Because cuts €stimator from Smith and Zaldarriaga [25].

are applied independently to the lead and trail maps from

2013, sometimes only one of a lead-traibair passesWe A. Map bundles

combine these orphan half-observations with the nearest- |, 5rder to smooth coverage and reduce the computa-

in-time counterpart, and cut the eight half-field maps wherg, 5| qemands for later processing steps, we combine the
a counterpart cannot be found. We are left with 3620 mapg,,ng into a series of 50 “bundles.” For each observation
which, when the lead-trail pairs are combined into obser- ¢4t (jlead-trail and full), we combine all constituent

vations of the full field, yields a total of 2890 complete maps into a single one and measure its total map weight.

pbservatlops of the field: 730 in the lead-trail format, 21604 then divide that total map weight by 50 to get the target
in the full-field format. per-bundle summed weight. We then order the maps
chronologically (by the startime of the lead observation
3. Beams for mismatched lead-trail pairs) and combine them sequen-
We measure the instrumental angular response functiotially until each bundle is as close as possible to the target
(“beam”) with observations of Venusmade in January  per-bundle weightThe lead-trail-only and full-only bun-
2013, that are convolved by an estimate of the effecbf ~ dles are used in the systematics tests described in Sec. VI A.
pointing uncertainties in the CMB fields. A two-dimen-  For the final data products, we combine the first lead-trail
sional Gaussian is fitto each 1°-by-1° Venus map made bundle with the firstfull bundle and so on untilwe have
with third-order polynomial subtraction, and they are 50 bundles, each composed of a lead-trail and full bundle,
coadded with their best-fit peak pixels aligned. The  for both the 95 GHz and 150 GHz data.
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B. Apodization and point source masking 2. RA template removal

We apodize the maps before Fouriertransforming in We find evidence for scan-synchronous signals in our
order to reduce mode-coupling due to a sharp edge and tbundle maps, with an rms of approximately 4 (1.5K}in
downweightthe low-weight and high-noise pixels atthe 95 (150) GHz Q and U maps, similar in scale to the signals
edge of the map. For simplicity, we use the same apodizan the 100d field, described in K15. To remove it, we
tion mask for all map bundlesThus we begin by finding measure a one-dimensional profile by binning bundle map
the intersection across all bundles the set of pixels with  pixels by their RA location and smoothing the resultby
a weight at least 30% of the median weight. The combined 1-degree wide Hann window. The resulting profile is then
coverage mask is then reduced by a 4 arcminute border ate-projectedinto two dimensions along the elevation
its edges to reduce edge effects before apodizing the resultrection and subtracted from the bundle Q and U maps.
with a 90 arcminute wide cosine taper. The resulting
effective sky area after application of the apodization mask D. E and B mode maps

is 458.3 square degrees. . . .
While we will marginalize overan unknown Poisson After applying the real-space processing steps desqubed
X . " above to our T, Q, and U maps, we decompose them into
point source power in the parameter fittingye choose to harmonic space TE, and B maps for further processing
mask the brightest sources (with intensity fluxes > 50 mJya nd power spectrurﬁ estimation. We construct the E-mode
at 150 GHz) to minimize the shot noise. )

maps with the standard transformation [26],

C. Map-space processing E, 74 Q cosd2¢b b U sind2¢ b o2p
At this point, we have T, Q, and U maps which we want ,
to transform into a B-mode map. Some systematic source¥nére Q and U are Fourier transforms of the processed
of apparent B-modes are most readily dealt with in the ma'd apodized real-spaceQ and U maps, and ¢ 7
domain. Thus we project out a temperature map template arctandk=I yp. A generic effect of the E-B decomposition
from each Q=U map and remove a template based on  With partial sky coverage is the presence ofambiguous
the azimuthal signal before converting from Q=U to modes, which mix E-mode sky signal into the constructed
E=B maps. B-mode map. To minimize this effect, we use the x g
estimator from Smith and Zaldarriaga [25]. Our final

o Fourier-space B-mode maps are thus constructed according
1. Monopole temperature leakage deprojection to:

Miscalibrating the gains of two detectors in a pixel

causes a scaled copy of the temperature map to leak into the B F oWasg - 07bQ b 2, Ubb 53p
. . - » . | 4 S LLLLLLLLE L]

Q and U polarization maps.This “monopole” leakage is of
straightforward to measure and remove in the @maps
before they are transformed to E and BTo estimate the  where F represents the Fourier transform, % 161 — 1bx
leakage, we first construct two half-depth coadds by addirdg p 1bdl b 2bW is the apodization mask and the deriv-
up all even-numberedbundles and all odd-numbered ativesof Q and U are the intermediate x g maps. The
bundles.The resulting maps are crossed to produce TQ derivatives are calculated using finite differences with a
and TU pseudo-cross-spectrahich are each normalized 5 x 5 pixel kernel centered on each map pixel. The result-
by the TT pseudo-cross-spectrum. Normalized cross-spe@g B-mode maps are shown in Figl.
tral ratios are then averaged over a chosen ell rangi,

100-3000 in this work, yielding coefficienté? andU, of V. POWER SPECTRUM ESTIMATION
the T-to-P monopole leakage. The coefficiéhts, 0.0263

- We estimate the B-mode bandpowers using a pseupdo-C
(0.0162),U % —0.0215 (0.0095) for 95 (150) GHz maps,  ng5_gpectrum method [see K15, 27,28]. Starting from the
are insensitive to the exactchoice of ell range, bl_Jt W€  leaned Fourier-space B-mode maps of the last section, we
choose the range where our expected cosmological signal i rage across the sef all cross-spectra to measure the
maximal. The uncertainty on these factors is 0.0010. Eac'bseudospectrum. We then correct this pseudospectrum for
bundle Q and U map then has the appropriately scaled  gftects such as the finite sky coverage to create an unbiased
version of its own T map subtracted from it. estimate of the true B-mode power on the sky.

The binned pseudo-Cspectrum is calculated from the
mean of the cross-spectra between all bundle map pairings:

*We actually use a largebundle set,resulting in a smaller
intersection region, to ensure that the mask is also appropriate S)fxy v, 1 X X jslp1p
all null tests.Namely,we include the individuabundles in the b 4 om
lead-trailvs full and left-going vs right-going splits. XY i leb

RedW BB bb: 84b
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FIG. 1. The B-mode sky maps used in the work, shown as transformed back from frequency-domain maps with all processing steps
applied.The top panelis 95 GHz while the bottom paneis 150 GHz. Both maps are noise-dominated on alhgular scales.

Here x and y denote 95 or 150 GHz, and i or j denote the temperature and E-mode power spectra have already been
bundle number.The Fourier-space B-mode map fofre-  measured to high precision so we fix # the expectation
quency x and bundle i is B, while W, is a Wiener-filter- ~ for the fiducial cosmology.We remove Ag and Agg by
derived mode weighting. N,, is the number of cross-  subtracting

spectra: there are a total of 1225 cross spectra for the 90 and

150 GHz auto-spectraand 2450 for the 95 GHz x oD'BEP BDEBR
150 GHz spectrum. DEP v DJFB- I;bfg - DbEOE ; a6b

This binned pseudo-spectrul,, is related to the true

binned spectrum [ by:
P B by In principle, the Agg term could be introduced by an

. miscalibration of the polarization anglesas discussed in
Dy, 74 KopoDpop Ap b A1 b Ags: 05P  gec. Il A. In practice, it is very close to zero suggesting that
the fiducial polarization angles are accurate. The maximum

We refer to these binned spectra as bandpoweétere A, value of this term for a 150 GHz bandpower is 0.00PuK
captures additive biases to the B-mode power created forNote that we handle each spectrum (e.gIT, BB) inde-
instance by the map filtering, while A+g is to allow for pendently for both simulations and reatlata,and do not
effects such as very low amplitude polarised beam side- include off-diagonal blocks such as (TT,BB) in the mode-
lobes that are not in the simulations. In principjesifould  coupling matrices. The kernel matrixencapsulates the
be written as a function of fC[T; CFE; C’Eg but the  effects of mode-mixing due to partial sky coverage, and the
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suppression of power by the instrumentbeam and map  processing,map-making and conversion from Q=U to
filtering. Wiener-filtered EB maps. The BB power spectrum is then
calculated for each of the 100 TE and 100 TEB skies (see
A. Estimating the additive biases Sec. V E). The TE skies are required to estimate any
additive bias to the B-mode spectrum. As with the real data,

We measure the induced additive bias in the B-mode E’F subtract the T-B leakage estimate [E(§)] from each
power spectrum by measuring the observed B-mode pc)Wlndividual TE and TEB simulation. We subtract the mean

in a suite of 100 TE-only simulations (see Sec. V E). The _[IE B-mode spectrum from the mean TEB B-mode

additive bias can be understood by considering the ambig trumA h d adi ahode-mixi
ous modes that are created by the interaction of the partia?pe,'[c. rumAs wel ?vke atf]sumte_ af trlf'\go? N de-mm?g ¢
sky coverage and edge apodization with the polynomial matrix, we simply take the ratio ot this cleaned spectrum 1o

filtering applied to the TOD. These ambiguous modes mixNe Product of the beam function Band combined CMB
the E-mode power into B-modes, particularly at low and foreground spectrum @s the one-dimensional trans-

angular multipoles Because the E-mode power spectrum fer function T, .

is tightly constrained and we can accurately simulate the

TOD processingwe can determine the expectation value C. Bandpower covariance
for the additive bias, A using the 200 TE simulations. As
with the real data, we first subtract the T-B leakage estimg
[Eq. (6)] from each individual TE simulation. In the Iowestt
multipole bin, the additive bias is larger than the expected
B-mode power,quickly falling and becoming negligible

at higher angular multipoles. Specifically, the additive
bias is ~35% of the expected power in second bin

(I'e ¥2152; 301),~10% in the third bin, and about 3% at
higher multipoles. We also subtract the estimatgdirdam

the TEB simulations used for estimating the bandpower
covariance, with the variations about the mean additive bias —x “ x
adding to the sample variance estimate. = Y4 2,08 p N XP

2 AW S b NFROS NP 0B

The bandpower covariance includes contributions from
mple and noise variance. The noise variance is estimated
hrough the covariance between individual cross-spectrum
realizationsfrom our ensembleof noise-only bundles,
while the sample variance is calculated from the scatter

in the set of autospectra of the simulated signal-only TEB
map realizations described in SecV E. Note that these
simulations are for r 72 0. We combine these two estimates
together according to:

B. Estimating the kernel matrix

We also need to calculate the kernel matriy K order  where b denotes the multipole bin, X=Y represent either 95
to apply its inverse and recover an unbiased estimate of tae 150 GHz,and S and N are the signal and noise power
true sky power spectrum. The kernel matrix, which  respectively. The prefactor,,yaccounts for the number of
includes the effects ofbinning, TOD filtering and map-  modes in each multipole bin. For the noise terms (both N
making, instrumental beams, and mode mixing due to edggd SN), we make the simplifying assumption thatthe

apodization and finite sky coveragean be written as: bandpower covariance matrix between two different multi-
, pole bins b = BPis zero, i.e., the matrix is block diagonal.
Koo ¥ Py oOMy oT | B oPQay: 07P  While we expect a small degree of correlation between

o o neighboring bins due to the finite sky coverage, this

Here R, and Q, are the binning and unbinning operators correlation is minimized because the chosen bin sizes
[27] that translate between bandpower-space and native lare significantly wider than the expected angular multipole
spaceand M, is the mode-mixing matrix that describes resolution for the field size. Thus the noise variance should
the I-space mixing induced by finite sky coverage and edgg, approximately diagonal. As a check on this assumption,
apodization_ of our field. In this work, given the relative Iacb‘,e compute thestatistic of our bandpowers relative to a
of features in the B-mode power spectrum ahe current 4, ,cjal cosmology spectrum with both the block-diagonal
signal-to-noise,we make the simplifying approxima- o\ ariance and the version preserving the noisy estimates
tion that the mode-m|xmg matrix is diagonalThe meas- of the off-diagonal structure.We find a Ax 2 of approx-
gremt_egt dof ge e:ﬁlnéughallyéq}/ergg?gbﬁtm Btl W?S imately 1 for the 21 bandpowers.We allow the sample
fuenscgcir:)nedégcriiz.d next > and 1y 1S the Titer transter  ariance terms (8 to have an arbitrary shape since the

' lensing-induced B-modes should have correlations between
multipoles. We also stress that bin-bin correlations are
included for the beam and calibration uncertainties, which

We estimate the effect of the TOD filtering and the mapare dealt with separately.

making process using a sebf noiseless simulated CMB We add to the covariance an estimate of the 10 variations
skies. Each sky realization is passed through the full TOON the T-to-P monopole leakage terms in Ses/ C 1.

1. Filter transfer function
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D. Power spectrum calibration temporary detector beam profile. The beam used in

As described in Sec. lll A, we initially calibrate our simulations is an approximation ofthe production beam
detector data in units of CMB brightness temperature by described in Sec.lll C 3, as the beam analysis was not
fitting to a known-brightness source. We further refine ourcomplete when simulations were generatéd.this stage,
calibration by cross-correlating SPTpoll- and E-mode  we make a copy of each set of beam-convolvgd's and
maps to the published Planck maps over our nominal  zero its B-modes, allowing us to track the leakage of power
observation regionas described in H18Because we use from (T, E) into B due to our map processing steps. The T,
nearly identical data sets and processingoptions as  E, and B g,, 's are then converted back into T3, and U
in H18, we take the median of that work’s calibration  according to our field definition and projected onto a grid of
posterior as our 150 GHz polarization calibration factor, cylindrical coordinates at twice the resolution of our final
PI20. The uncertainty on B3? is 0.5% based on the H18  maps.We then mock-observe the TQ, and U skies to
posterior. produce pairs of noiseless TEB sky and associated TE-only

As H18 only used 150 GHz datawe must also extend sky maps. The T maps are identical between the two sets,

the known 150 GHz polarization calibration to 95 GHz. Wghjle the Q and U maps differ only by the lack of source B
do this by constructing an ensemble of ratio spectra  ,qdes in the latter set.

between the 95 x 150 GHz and 150 x 150 GHz pseudo-

Cross spectra:
VI. SYSTEMATIC TESTS

Ciz150 150 We now turn our attention to potential sources of
€; Va CI50%750 g5 - 09P  systematic error in the reported bandpowers. First,
EEi ™ we look at a suite of null tests to validate the bandpowers
againstunexpected systematicsT'hen, we examine the
Here i denotes which cross-spectrumiVe average each  gensitivity of the power spectrum to possible systematics
ratio spectrum over the I-bins with inverse variance which were not tested by the null test suite. We find the BB

weighting to yield an ensemble of ratio factors, €, and  pandpowers are nosignificantly impacted by systematic
take as our 95 GHz polarization calibration scaling the  pigses.

value PS % hP3%hei. We estimate the uncertainty inihe

from the spreadinthe € ensemble,and estimate a A Null tests

combined uncertainty of 5.2% in the 95 GHz calibration )

by adding the two uncertainty terms in quadrature. We haveTo check for systematic contamination in our datae

also confirmed thatthe measured E-mode power spectra create difference or nulimaps thatwill null the true sky

from these maps at 95 and 150 GHz are consistent with tegnal while maximizing the potential systematic signal

reported bandpowers in H18.We marginalize overtwo  for various potentialsystematicsFor each potentialsys-

calibration parameters in alfits, representing the 95 and tematic,we startfrom a set of 100 maps order the maps

150 GHz calibration factors, with priors set from the aboveccording to the relevant statistiand then difference the

calculation. first 50 from the second 50 maps to create 50 null maps.

We calculate the bandpowersfor this 50 null maps,
E. Simulations which should be consistentwith zero in the absence of
A crucial element of our power spectrum analysis is thesystematics.
use of simulated skies. We start with 100 Lenspix realiza- (1) Azimuth: The CMB field rotates relative to the

tions of lensed T, E, B skies, generated from the Planck p ground throughoutthe course of observationsso
WP b high L cosmology in Planck Collaborationet al. by bundling maps according to the azimuth angle of
[29], and add in Gaussian foregrounds realizationghe the ground under the field during observationse
foreground terms include polarized Galactic duswith a can isolate contamination from sources at the South
polarized power of 0.0236uKaL %42 and 150 GHz; Pole station. N _

unpolarized thermal Sunyaev-Zel'dovich effect power with (2) Lead-Trail/Full:In addition to changing the raster

an amplitude of 5 pR at | % 3000 and 150 GHz; Poisson pattern, whlch in turn affects the weights of fuII-lﬂeId
dusty star-forming galaxies aé power level of 9 uK? at maps, th? SW'tCh. from lead-trail to ful ot_)serva_t|ons

| 1% 3000 and 150 GHz and polarization fraction of 0.025: included increasing the scan speegiach jackknife

Poisson radio galaxies a power level of 10 uR at | % bundle consists of a lead-trail bundle differenced

3000 and 150 GHz and polarization fraction of 0.025; and

lastly clustered dusty star-forming galaxies with a power *The differences between the final and simulation beams are
level of 5 uK? at | % 3000 and 150 GHz.The CMB and small, typically at the subpercent level with a maximum fractional
foreground a,,’'s are combined and convolved with a difference of a few percent.
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TABLE I.  Null testPTEs.
TestStatistic PTE
maxj 8ZoXp jb 0.24
maxg 63% Bp 0.60
max; 05,0 PP 0.92
Tt OX B 0.13
Global 0.38

(4)

()

The PTEs listed indicate how often statistic in question is higher in
the simulated x bandpowers than in our ensemble of jackknife x
bandpowers. The global PTE indicates how often all four statistics
in from a realized ensemble of x bandpowers exceed the values

from our jackknife bandpowers. The top row (n@)ﬁjsz[f‘j iP)
tests for spectra that are preferentially positive or negafives
second row (max; 66)2SJ Fb)tests forindividual outliers. The

third row (max; azbafi Eb) is sensitive to null spectra with a

larger than expected number of outliers. The fourth row is the t
¥2 for all spectra, frequency combinations and null tests. The la

row, “Global,” is the fraction of simulations that have larger PT

for all four tests simultaneously.

a similar time in subsequent years.
ing bundles, without respectto lead-trail or full

moon to the observation field.

Sun: Jackknife maps are constructed similarly to the
moon jackknife maps, except using the presence of
the sun in the sky, which occurs atboth the very
beginning and end of each observing season.
Left—Right: Each of the Lead-Trail/Full bundles is
constructed from maps consisting of rightgoing-only
and leftgoing-only scans, with the two sets of scans
usually combined to geta full coverage observa-
tions. For this jackknife test, the rightgoing-only and
leftgoing-only bundles are differencedio test for
scan-synchronousontamination that dependson

the direction of telescopemotion. In particular,
rightgoing scans always follow an elevation step,

so any “wobble” in the telescope due to the elevation
motion would stand out in a right-left difference.

We calculate the probability-to-exceed (PTE)of the
2 values of each set of jackknife bandpowersfor
bh frequency combination (95 x 95, 150 x 150, and
x 150) and each sky combination (B x BE x B, and
T x B) relative to a null spectrum. The individual jackknife
test PTEs support the case of no contamination, with only

with a combined bundle of full observations taken a{wo of the 45 PTEs outside the interval of (0.05, 0.95). As a

further distillation of the ¥ information, the PTEs relative

(3) Moon: Jackknife maps are constructed by combin- to null of the combined bandpowersfor all tests and
frequency combinations are 0.67 (B x B)0.20 (E x B),

observation strategy, according to the nearness of thed 0.19 (T x B), and 0.38 for all bandpowers across all
spectra and frequency combinations.

025 T T T T T T T T T T T T T T T T T T T T T T
[ SPTpol ]
[ BICEP2/Keck T ]
0.20 — _
- ACTpol E
0151 -]
[
3
~ 0.10
)
0.05

0.00 -

-0.05

FIG. 2. The B-mode bandpowers from the minimum variance combination of the 95 x 95, 95 x 150, and 150 x 150 GHz bandpowers
in this work (blue circles) along with the B-mode measurements from other experiments. The 150 GHz results for BICEP2/Keck [6] ar

1500

shown by the green triangleACTpol results at150 GHz [2] are marked by the red crosseand POLARBEAR measurements at
150 GHz [13,14] by the rosy brown diamonds. The grey line shows the prediction for lensed B-mode powerdfioxNbe best-fit

model, while the black line adds on the best-fit Galactic dust power from BICEP2 Collaboration et al. [6]. The B-mode bandpowers fro

this work are the most precise measurements at | > 320.
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TABLE Il. BB bandpowersD, [uK2].

95 x 95 95 x 150 150 x 150 Combined
| center | range D, adéh b D, (ofe] D =) D, (ofe] D= D, adéh b
102 52-151 0.043 0.123 0.018 0.032 -0.000 0.015 0.004 0.014
227 152-301 0.158 0.064 0.026 0.019 0.027 0.011 0.030 0.010
502 302-701 0.206 0.053 0.062 0.018 0.103 0.013 0.094 0.010
902 702-1101 0.313 0.081 0.106 0.029 0.111 0.020 0.118 0.016
1302 1102-1501 0.369 0.125 0.019 0.045 0.119 0.032 0.097 0.026
1702 1502-1901 0.162 0.217 0.249 0.075 0.054 0.051 0.119 0.042
2102 1902-2301 0.430 0.345 0.284 0.112 -0.045 0.073 0.064 0.060

The BB bandpowers.

In addition to the basic x 2 PTE tests, we repeatthe  two sets of power spectra. We find no evidence of

process described in K15,whereby individual “x band-  inconsistency between either sef half-map spectra and
powers,” defined as the full-map spectra, with a x> PTE of 0.21 when
_ comparing the subfield bandpowersand their diagonal
fsj C[)SJ covariances to the full-field bandpowers.
Xo = . 610b
oG b

VIl. BANDPOWERS
are compared to 100000 simulated ensembles generated The final minimum-variance combination of the

from unit-width, zero-mean Gaussian distributionsThe  debiased bandpowers is compared to the results from other
superscripts represerthe spectrum (f € fBB; EB; TBg),  experiments in Fig. 2. The bandpowers for each frequency
frequency combination (sef95x95;95x150;150%1509g),  combination are provided in Table Il and plotted in Fig. 4.
and null test (j), while the subscript b represents a specifiqhove | 14 300, the bandpower definitions are identical to

[ bin. We constructa series of test statistics thatprObe K15, and the two sets of spectra are consistentjth H\ﬁlfﬁfﬂ

various potentialsignatures ofsystematic contamination, ,~artaintiesin this work reflecting the expected’ 5
summarized in Table |, and measure how often the statistig, § ,ction in total variance from greater sky coverage.

as calculated from the simulated x bandpowers exceeds tﬂﬁ)ng with the bandpowers both figures show the same

value from a particular jackknife. Planck best-fit cosmology described in Se¢lll B
We take the values in Table |, summarized by the global ! %Y ! ! :

x? PTE as strong ev_idence that our data is n_ot contam_inated VIIl. INTERPRETATION
by any of the potentials sources of systematic contamina-
tion we investigated. We now look at the consistency of the bandpowers with
the ACDM model. While the bandpowers in this work are
B. Other possible systematics the best measurementsf the B-mode power spectrum

above | > 320, we do not expectthem to substantially

Now we turn to two systematics that are not tested by theqyict the allowed parameterspace within the ACDM
jackknives. In contrast to K15, we remove crosstalk directfy, v ork. However. these data are interesting as an

from time ordered data before binning into maps. We alsqndependentconsistency testof the ACDM framework

explicitly remove monopole T ~ QU leakage from maps 54 i, the implications for inflationary gravitational waves.
before transforming into harmonic spac&hus, the dom-

inant sources of leakage are expected to be E — B leakage
from filtering. These leakage terms are accounted for in .
Sec. VA using the observed B-modes after filtering the TE- WWe use the Markov Chain Monte = Carlo (MCMC)

only sims, with variance in the leaked power showing up &8ckagecosmomc [30] to fit the bandpowers to a simple

A. Parameter fitting

additional sample variance. model of the form:
Variations in detector responsivity as a function of the vixy farvexy
observing elevation would notbe detected by jackknife D)"™2 % rDI*"®r % 1P b AnDiE"sp D #™2  611P

tests.To probe this we generate half-map maskstarting

from the nonapodized mask described in SedV Band ~ We calculate the two templateg®Band 0" usingcams
zeroing either the portion greater or less than declination §81] at a Planck best-fit cosmology:fQ ,h? ¥4 0.022294;
-57.5°. The resulting masks are then apodized with the Q.h? % 0.11837; G4 1.041042; 17 0.0677; log A V2 3.0659;
same parameters as the real data mask and used to estinmaté 0.969g,with m, ¥4 60 meV. Details on how to
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install and use the SPTpol likelihood and dataset are 10
available on the SPT websife. 0.8}

The foreground terms included are Galactic dushis-
sion at large angular scalesand Poisson powerdue to -2 06
polarized emission from extragalactic galaxiesat small 2
scales.We have clear predictions for the Galactic dust © 041
emission from Planck and BICEP2/Keckthere are only ozl
upper limits on the Poisson power as of yet. The functional

VXV L L L
form of these fpreground terms ["9 " forthe vy x v, 0%.6 08 10 12 14 0 0102 03 04 05 06 07
cross-spectra is Acne r
leg;v1><v2 1 A1qu§t0-150 st v |_ ~0.58 FI.G. 3. The measurg:-d B-mode powespectrum is consistent
480; z viv2 g with the Planck best-fit ACDM model. On the left, we show the

posterior probability for A, (Aens rescales the predicted B-

b APols _ 312p Modes due to lensing), finding it consistent with unity. In the right

143000:vixv2 - 3000 panel,we show thatthe posterior probability for the tensor-to-
scalar ratio r peaks atero.

Here the top line has the expression for Galactic dust and
the bottom line the expression for the extragalactic power.
The frequency dependence of the Galactic dust is encode&
inf .., whichwe assume to be a grey-body spectrum
with temperature T ¥4 19.6K and B ¥4 1.59 [32]. Motivated
by the recent measurementdy BICEP2/Keck on the

| 2

Both of these results are robustagainstthe assumed
alactic dustprior. Increasing (or decreasing) the central
value of the prior on the Galactic dust power by 50% only
slightly decreases (increases) the centvalue to Ag,s ¥4

. ; . 1.14 0.13(1.18 0.13). The resulting r limits go to
S?}LQF reg|on1of sky [6], we placeza Gaussian prior on r<0.39 and r < 0.46 respectively. Removing the external
Alz80:150 oz 7+ 0-0094 0.0021 pK=. We also take the dust prior altogether minimally changes the result to

angular shape (i.e.Dy « 1 ~%) from the best-fitin that < 043, Thus the results do notdepend closely on the
work. With only one bin across the relevant angular scaleggtsils of the dust prior.

we do not indep_engiently constrain the angular shape of the The results are driven primarily by the 150 x 150 GHz
Milky Way’s emission. BICEP2 Collaboration etal. [6]  pangpowers, and the 95 x 95 GHz bandpowers have little

also show thatgalactic synchrotron is negligible on this weight in the parameter fits.We have confirmed this by
field at 95 or 150 GHz for the current uncertaintiesWe removing each frequency combination, 95 x 95 GHz

make no assumptions about the spectral dependence of t§€ x 150 GHz. or 150 x 150 GHz. and rerunning the

extragalactic Poisson power and thus have three parame{gis\ics. Without the 95 x 95 GHz bandpowers (which
AfS00v,, describing the Poisson power at | % 3000 in - appear high), the recovered 95% CL limit on ris r < 0.44.
the v; x v, bandpowers. We note that of these foregroundThe recovered value isef % 1.13 0.13 in this case; the
terms, the data only shows a significant preference for theslightly lower median value of, /s explains the equivalent

95 GHz Poisson power (A% 11.4 for 1 d.o.f.); the others |imit on r with less data. Conversely, dropping the 150 GHz

are included to estimate realistic uncertainties. autospectrum nearly doubles the uncertainty on 4 to
0.25, and triples the limit on r to r < 1.40.
B. Results It is noticeable in Fig.4 that the 95 GHz autospectrum

The SPTpol bandpowers are visually consistent with th@Ppears consistently high, and in turn, as noted in Sec. VI
Planck best-fitACDM cosmology with r % 0. Assuming A, the 95 GHz Poisson power is the only clearly preferred
r % 0, we find Ay, % 1.17 0.13 which is consistent with foreground parameter. The default foreground model in this
the expected value of unity. Allowing r to vary as well doe¥ork independently floats the Poisson power in each
not significantly change the,d\s constraints. The 95% CL frequency band, however a natural question is what spectral
upper limit on r from the SPTpol BB bandpowers only is index is implied by the relative Poisson powersseen
r < 0.44. The likelihood curves for,dsand r are shown in between the three bandd.o answer this questionwe tie
the left and right panels of Fig. 3 respectively.We also  together the Poisson terms, assuming that the source fluxes
calculate the goodness of fit of the model with r®o@he  scale as a power laf. Wote that a is for the source fluxes,
data;the PTE is low at 2%. This is driven by the three  not the power. We set a uniform prior of a € /2—4; 0. In this
95 x 150 GHz bandpowers above | % 1102. model, the upper limit on the Poisson power at 150 GHz
actually tightens by about 40% (and zero is now excluded
5http://pole.uchicago.edu/public/d<':1ta/sayre19/. since the 95 GHz result requires some power). The

SAllowing r to vary does not improve the fit quality signifi- ~ constrainton alpha is very Wgak with a 90% CL range
cantly. a € ¥%-3.2; -0.6; the posterior peaks at a~ -2.65.
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0.4 " becomes PAA,s< 0b % 2.6 x 10%°, corresponding to a
" 11.20 detection of lensing B-modes. Lastly, to evaluate the
O . . g
detection significance of any B-mode power on the sky, we
0.2 o drop sample variance and set the foreground terms to zero.
oa We find POA ., < 0P 4 5.8 x 107", corresponding to a

[ K]

M 18.10 detection of any B-mode power.

0.0 + C. Constraints on primordial magnetic fields
Measurements of the B-mode power spectrum also test

models thatpredict primordial magnetic fields (PMFs) or

BB
0
—e—

-02 cosmic birefringence[e.g., 36]. Both effects have the

. observationaleffect of rotating E-modes into B-modes,
¢ 95 x 150 GHz thereby adding B-mode power compared to the standard

_04 ® 150 x 150 GHz ACDM cosmology. Since they are observationally indis-

o =50 500 =00 600 5500 tinguishable in the bandpowerwg V\_/lll only quote limits

Multipole (¢) on the PMF power here. These limits can be translated to
~apply to parity violating processes as well.
FIG. 4. The BB power spectrum bandpowers from the indi- We follow the approach of Sutton etl. [37], drawing

vidual 95 x95 GHz (orange squares)95 x150 GHz (red dia-  pon the vector and tensor PMF templates for the CMB
m?nds)’ atﬂd 150 xt1 ilol GHz d(%lgple Cim'esf) Sp?ﬁtra' For  hower spectra from that workWe add these templates to
rererencejtne expectea lense spectrum from theLANCK C e
+LENSING+WP+HI2HL best-fit model ffom [33], also used as the the_ calculat.edCAMB .spectlra.\'Ne assu.me the initiaPMF
source spectrum for simulated skies,is shown as the black gnlsqtropy is Gaussian distributed with a nearly scale-
solid line. invariant (y 72 —2.9) power law spectrum. Thus there are
two free parameters:an overall power normalization
ApME = B‘}Mpc, and a timing parameter for when the

A spectralindex in this range is on the low end of what PMF is generated B % Indg=apyeb. Here, B‘11Mpc is the

has been observed forthe temperature-selected sources
in Mocanu et al. [34], but a large number of synchro- RMS strength of the PMF over 1 Mpc scaleand g, and

tron sources in that work did have a < —0.6. We also note@PMF are the scale factors at neutrino decoupling and PMF

: L tion respectively. The chosen template is for
that masking sources selected only at 150 GHz (as in thisd®"€@ R . .
work) would tend to drive this spectral index more Bimpc 72 2.5 nG. The timing of PMF generation relative

negative. A alternative explanation is that the mean squaryneutrino decoufpling impacts the magnitude of the tensor
polarization fraction, hp?, has increasedgoing from  —MF modes.We follow earlier works [37-39] and seta

150 to 95 GHz. The ratio of the median mean-squared prior that l0g;008,=apyP € 7211.513; 41.44We find the
polarization fraction at these two bands from Gupta et al. 'mf,’ro"ed bandpov_ver measurements in t_h|s work lead to a
[35] is 1.3; if one shifts these by one sigma in either 95% CL upp?rl I|mét oj AMF; 01/35 zf6w9e3g1?teadAu;e t?el
direction, the ratio increases to 1.7Such a shiftin hp? ~ Pror fange otiogoa,=aeyr? € 729, 10. rom Ade et al.

o 40], the 95% CL upper limit becomes pAyr < 0.42. As
would have a similar effect on the 95 to 150 GHz power a g )
changing the spectral index by 0.6. It will be interesting to e bandpowers have scattered high (i.6Aens ¥ 1.17

o . . 0.13 in Sec. VIII B), this upper limit from the BB band-
see if this frequency trend in the Poisson B-mode power owers of this work alone is equivalent to the limit of

holds up with future measurements, or if the excess powez ue < 0.36 for A % 1 that was found by Sutton et al.

turns out to be the result of a systematic bias in the 95 GI—H 7] for the combination of Planck, POLARBEAR

bandpowers. .
We also try fitting the data with doubled calibration and rBelli ESGZS/Keck Array and the earlier 100 de8PTpol data

beam uncertainties. As one would expect given the relative

size of the bandpower error bars to the beam and calibration

uncertainties, this has no impact on the recovered gy A IX. CONCLUSIONS

values. We presenta measurementf the angular power spec-
Finally, we quantify the detection significance for  trum of CMB B-mode polarization from the 500 deg ?

cosmological BB power by looking athe probability for ~ SPTpol surveyUsing three seasons of dateie report 21

negative values offsin a MCMC run at high temperature bandpowers in seven multipole bins spanning 52 < | <

in order to better sample the extreme tails of the posterior2302 and three frequency combinations: 95 GHzx

distribution.For the normal casewe find P8Ags< 0P 4 95 GHz, 95 GHz x 150 GHz,and 150 GHz x 150 GHz.

1.8 x 1078, corresponding to a 8.7a detection of positive These bandpowers represent the most precise direct meas-

Aens In the absence of sample variancéhis probability  urement of B-mode power to date at small angular scales
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